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Abstract 
A new scheme for low-frequency coherent anti-Stokes Raman scattering 
(CARS) spectroscopy using chirped femtosecond pulses is proposed and 
demonstrated.  Two chirped broadband optical pulses created terahertz 
(THz) polarization in the sample and generated CARS signal.  The chirped 
CARS signal was compressed and detected in time-domain by using sum 
frequency generation.  A resonant Raman band of GaSe at around 0.6 THz 
was successfully detected with the time-domain CARS system.  With the 
present system CARS spectra from 0.2 to 5 THz is obtainable. 
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1. Introduction 
Terahertz (THz) time-domain spectroscopy1) is now widely used for 
low-frequency (< 100 cm-1) absorption spectroscopy and is successful in 
detecting low-frequency vibrational modes, such as inter-molecular 
vibrations in organic crystals of amino acids2-4), sugars5), chemical 
substances in drugs,6-7) and so on. On the other hand, low-frequency Raman 
spectroscopy is not cultivated as much as done for the low-frequency 
absorption spectroscopy, because of the relative difficulty to detect 
low-frequency Raman spectra compared to other frequency regions.  Strong 
Rayleigh scatterings sometimes overwhelm the signals for powdered 
samples or samples with rugged surfaces.  Fluorescence after optical pump 
is another problem for biological samples. 
  In aqueous solution, water molecules reorient in a time regime around 
10-12 second and thus their anisotropic scattering extends up to frequency 
shifts of ~50 cm-1, making it difficult to observe the low-frequency Raman 
scattering of biological molecules in aqueous solution. When one wishes to 
use Raman scattering in THz frequency region for imaging such as 
biological tissue, the weakness of the low-frequency Raman scattering signal 
is another problem.  These problems in low-frequency Raman spectroscopy 
motivated our development of the coherent anti-Stokes Raman spectroscopy 
in the THz frequency region (THz-CARS) using femtosecond laser pulses 
which is reported in this paper.  
The technique used in our THz-CARS is unique in using chirped 
femtosecond laser pulses as the pump and in detecting the CARS signal in 
time-domain.  Although our final goal is to detect low-frequency (THz) 
vibrational modes of biological molecules in aqueous solution or to make 
imaging of biological samples using the THz-CARS, we used semiconductor 
samples such as GaSe as the proof-of-principle experiment. The frequency 
resolution and bandwidth of the THz-CARS system is discussed.  
Since a femtosecond (fs) pulse has a broad spectral bandwidth, from 
several THz to a few tens of THz depending on the pulse width, a part of its 
spectrum can be used as the pump and another part can be used as the Stokes 
light to excite coherent vibrations with THz frequencies in materials. 
However, a simple spectral division of the fs laser by filters or gratings will 
result in low excitation intensity since the spectral components which are not 
used for excitation is discarded.  To avoid this problem and utilize the 
broadband spectrum of a fs laser efficiently, chirped fs laser pulses are used 
as the pump and Stokes pulse in our method.  When the two chirped optical 
pulses are overlapped with a slight time-shift, the instantaneous difference 
frequency is constant between the two chirped pulses even though the optical 
career frequency is chirped in time.  This technique is called “spectral 
focusing” and was applied for observation of CARS signal of C-N Raman 
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bands around 2160 cm-1 by Hellerer et al8) for the first time. The spectral 
focusing technique so far was applied for many CARS spectroscopy and 
imaing9-11) successfully in the frequency region higher than 2,000 cm-1.  
However, the spectral focusing , or the chirped pulse technique is also useful 
for the detection of THz Raman signals, which are difficult to detect with the 
usual way, as demonstrated in this paper.   
 
2. Principle and experimental setup of the time-domain CARS 
spectroscopy 
The CARS signal generated by the chirped pump pulses is also 
frequency-chirped.  After the chirped CARS signal is pulse-compressed by 
using appropriate dispersion compensation optics, it is separated from the 
pump pulses in time-domain and can be detected by time-gating method, 
such as the nonlinear optical “up-conversion.”  The frequency bandwidth of 
the detection is limited by the spectrum bandwidth of the femtosecond laser 
(that is, the inverse of the pulse width) used as the pump.  On the other 
hand, the frequency resolution is not limited by the pulse width of the laser 
but by the time-span of the optical beat, ΔT, generated by the two chirped 
optical pulses.  The upper limit of the frequency resolution is given as  
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Figure 1.  The schematic illustration of the experimental setup for 
the time-domain THz-CARS system. 
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Δν(=Δω/2π)=1/ ΔT.  Δν is dependent on the Raman shift frequency ν since 
the overlapping of the two chirped optical pulses becomes small when the 
optical beat frequency, which corresponds to the Raman shift frequency, is 
higher.  The highest frequency resolution obtainable at the low frequency 
limit for a femtosecond laser with an original pulse width of δt and a chirp 
rate b is given by Δν m =1/ ΔT m  = δt･b, where ΔT m is the pulse duration of 
the chirped pump pulse. 
The schematic illustration of the experimental setup is shown in Fig. 1. 
Femtosecond laser pulses from a regenerative amplifier of Ti: sapphire laser 
(Hurricane system from Spectra Physics, δt ~ 120 fs, λ ~ 800 nm, 1 kHz, 
800 μJ/pulse) were firstly split into the pump and probe pulses.  The pump 
pulses were positively chirped with a grating-lens pair and stretched to about 
30 ps.  The stretched pump pulses were further split into two beams and 
recombined with a Michelson interferometer.   
When the two chirped pulses were superimposed with a slight time 
delay Δτ, the instantaneous frequencies of the two pulses (one is the pump, 
ωp, and another is Stokes, ωS) were shifted by δω depending on the chirp 
rate and Δτ.  Thus, the two chirped optical pulses generated an optical beat 
with a beat frequency δω.  This optical beat created an oscillatory 
polarization with frequency δω in the sample, which scattered pump light 
with an up-shifted frequency by δω, resulting in the coherent anti-Stokes 
Raman scattering with a frequency ωAS=2ωp−ωS= ωp+δω.  Since the carrier 
frequency of the pump and Stokes pulses was chirped, the CARS signal was 
also chirped with the same chirping rate (See Fig. 2(a)).   
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Figure 2.   (a) Schematic illustration of the chirped optical pump 
pulses used and generated CARS signal in the time-frequency plane.  
(b) The pump pulses and CARS signal in the in the time-frequency 
plane after pulse compression. 
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Because of the small frequency shift in THz-CARS, the spectrum of the 
CARS is spectrally overlapped with the strong pump spectrum.  In addition, 
the CARS signal beam was almost collinear with the pump or Stokes beam 
due to the phase-matching condition kAS=2kp−kｓ≅kp(≅kｓ) in the THz 
regime. Therefore, separation of the CARS signal from the pump and Stokes 
beam is difficult with the usual frequency selective or spatially resolving 
technique.  To overcome this problem, we compressed these chirped pulses 
by using another grating pair as the compressor.  After compression, the 
pump and Stokes pulses returned to the original fs pulses with a time interval 
of Δτ.  The CARS signal was also converted to a fs pulse, which was 
advanced in time by Δτ from the pump pulse because of the frequency 
up-shift by δω (See Fig. 2(b)). The CARS optical pulse was up-converted to 
~400-nm light by the sum frequency generation (SFG) with the probe pulse 
in a BBO crystal.  The time-resolved (up-converted) CARS signal was 
finally detected with a GaP photodiode (PD) after passing through a 
high-pass filter.  To increase the signal-to-noise ratio, we modulated the 
probe beam with an optical chopper at 500 Hz and the signal from the PD 
was detected with a lock-in amplifier.  The frequency resolution Δν m in the 
low frequency limit (ν∼ 0) is calculated to be 0.02 THz for the present 
system with the pulse width δt = 120 fs and the chirp rate b =0.18 THz/ps.  
The useful bandwidth of the CARS measurement system estimated by the 
optical beat measurement is about 5 THz.  The low-frequency limit of the  
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Figure 3.  The time-domain signal of the (100)-cut ZnSe crystal 
(thickness = 1 mm). The peak observed at around τ1=9 ps is 
corresponding to the non-resonant CARS signal from ZnTe while that 
around τ1=19 ps is corresponding to the coherent Stokes scattering 
from ZnTe. 
6 
 
CARS measurement is determined by the pulse width of the pump laser after 
the compression and is about 0.2 THz in the present system. 
 
3. Results and discussion 
Figure 3 shows the time-domain signal from a (100)-cut ZnSe crystal 
(thickness of 1mm), where the time-delay for the probe pulse, τ1, was 
scanned for a fixed time difference Δτ~3.2 ps between the pump and Stokes.  
Since the chirp rate in our stretcher system was b = δω/(2πΔτ)=0.18 THz/ps, 
this corresponds to a difference frequency of 0.58 THz.  The average power 
of the pump and Stokes beam incident on the sample was ~0.5 mW, 
respectively (~1mW in total).  The coherent anti-Stokes Raman scattering 
signal is observed at a time delay of τ1= 9 ps, which is separated by the 
pump pulse by ~3.2 ps in the negative time direction as expected from the 
separation of the pump and Stokes pulses Δτ~3.2 ps.  When the pump or 
the Stokes beam was blocked, no signal corresponding to τ1= 9 ps was 
observed (dashed lines in Fig.3).  The coherent Stokes Raman scattering at 
around τ1=19 ps is also observed and attributed to the coherent Stokes 
Raman scattering of the pump Stokes pulse.  Since there is no optical 
phonon mode below 5 THz for ZnSe, the observed signals are attributed to 
the non-resonant CARS or, in other words, the four-wave mixing signal 
enhanced with the two-photon absorption in the conduction bands of this 
semiconductor.  
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Figure 4.  The CARS spectrum of the c-cut GaSe (thickness of 
1mm) obtained with the time-domain measurement (the peak 
scan). 
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We also measured the CARS spectrum of c-cut GaSe (thickness of 1mm), 
which has a low-frequency Raman-active mode (E2g mode) near 20 cm-1 
(~0.6 THz) 12).  Figure 4 shows the spectrum obtained for GaSe by the 
“peak scan”, where the time-delay τ1 for the probe and the relative time 
difference Δτ between the pump and Stokes pulses are simultaneously 
scanned while the ratio of the two delays τ1/Δτ  was kept equals to 
2 (τ1=2Δτ), so that the CARS signal peak shift with the change of the 
difference frequency δω was traced.  To increase the signal-to-noise ratio 
(SNR) the “peak-scanned” spectrum was averaged for 10 times. We observe 
a dispersion-type spectral structure around 0.62 THz (=20.7 cm-1).  This 
structure is explained by the interference between the components 
originating from the non-resonant (real and constant in frequency) and the 
resonant nonlinear optical susceptibility 13).   
The four-wave mixing (CARS) signal intensity is proportional to  
2)3()3(2)3( |||| NR χχχ +=  
22
2
22
)3(2)3(
)()(
)(|| Γ+−+Γ+−
−+=
RdRd
Rd
NN
aa
ωωωω
ωωχχ     (1) 
Here, )3(Nχ is the non-resonant third order susceptibility, which is assumed 
to be a real constant, while the resonant third order susceptibility )3(Rχ  is 
given in the following form: 
22
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ωω
ωωωωωχ       (2) 
Here, 0>−= Spd ωωω  is the difference frequency of the pump and 
Stokes, Rω  is the Raman resonance frequency, Γ is the Raman linewidth, 
and a is the constant associated with the magnitude of the resonance.  
When the non-resonant contribution is large compared to the resonant one, 
we can neglect the last term in Eq.(1).  Then we obtain 
CARS 22
)3(2)3(
)(
)(2|| Γ+−
−+∝
Rd
Rd
NN
a
ωω
ωωχχ
22
)3(2)3( 2|| Γ+Δ
Δ+= ω
ωχχ aNN                             (3) 
Here, Rd ωωω −=Δ  is the detuning from the Raman frequency. 
The curve fit using Eq.(3) is shown in Fig. 4 as the dashed line.  We 
have estimated the Raman linewidth Γ = 0.02 THz (=0.67 cm-1) and the ratio 
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of the resonant to non-resonant contribution given by the parameter )3(
/
N
a
χ
Γ
 
to be 12 %.  The discrepancy between the theoretical curve and 
experimental one in the low-frequency side is due to the drift of the 
non-resonant background signal caused by the fluctuation of the laser 
intensity as discussed below. 
The critical issue for application of this THz-CARS technique to 
spectroscopy of biological molecules is the SNR.  Since the coherent 
Raman scattering is the third order nonlinear optical process and the signal 
up-conversion (SFG) is the second order nonlinear process, the detected 
signal as the result, depends on the fifth power of the pump and probe 
intensity.  The peak-to-peak intensity fluctuation of the low-repetition 
frequency regenerative amplifier amounted up to 5 % or more, and the 
THz-CARS signal was unstable due to the laser intensity fluctuation.  For 
measurements of relatively weak CARS signals from biomolecules, it is 
necessary to increase of the SNR by using high-repetition rate femtosecond 
laser or pulse-to-pulse signal normalization. 
 
4. Conclusion 
  In conclusion, we have proposed and demonstrated a new scheme for 
CARS spectroscopy in the THz frequency region, where chirped 
femtosecond pulses are used as the pump pulses to create THz optical beat 
and generate CARS signal.  The chirped CARS signal was compressed so 
that it can be detected in time-domain by using the optical up-conversion 
technique.  A resonant Raman band of GaSe at around 0.6 THz was 
successfully detected with the THz-CARS system.  With the present system 
CARS spectrum from 0.2 to 5 THz is obtainable by scanning the time-delay 
between the two chirped pump pulses.  This technique is also applicable to 
other types of coherent Raman scattering spectroscopy in the THz frequency 
region, such as Inverse Raman spectroscopy, where the intensity change of 
the pump pulse after Raman scattering is detected.   
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